ABSTRACT An experiment was conducted to evaluate the potential dietary interaction between 1,4-diaminobutane (putrescine) and calcium on eggshell quality and overall laying performance. One hundred ninety-two 30-wk-old White Leghorn hens were fed a corn-and soybeanmeal-based diet supplemented with 0.00, 0.05, 0.10, or 0.15% putrescine and 2.5, 3.0, 3.5, or 4.0% calcium in a factorial design (12 birds per diet) for 4 wk. The percentage of egg production increased linearly (P < 0.05) with increasing levels of dietary calcium. Significant interactions (P < 0.05) were observed between dietary putrescine and calcium for eggshell thickness, eggshell deformation, percentage of eggshell, calcium intake, total calcium retention, total eggshell calcium, and percentage of eggshell calcium. Interactions were due to quadratic effects of putrescine or calcium on these parameters. Eggshell thick-
INTRODUCTION
A large body of research exists on the topic of the feeding of calcium to laying hens (Hurwitz and Bar, 1965; Ousterhout, 1980; Gilbert et al., 1981; Clunies et al., 1992) . The first symptom of inadequate calcium intake during production is a reduction in eggshell weight to about 50-60% of the normal value. This reduction is followed by a decrease in egg production (Gilbert et al., 1981) . Peterson et al. (1960) , Common (1943) ; and Hurwitz and Griminger (1960) reported that dietary calcium levels between 2.7 and 3.5% were necessary to maintain optimum production and eggshell quality. Ademosun and Kalango (1973) observed that increasing dietary calcium levels from 2.2 to 3.5% resulted in increased egg production and eggshell quality. Clunies et al. (1992) observed that calcium levels (2.5, 3.5 and 4.5%) had no significant effect on egg production or egg weight. It was also observed that there were no 2002 Poultry Science Association, Inc. Received for publication April 5, 2001 . Accepted for publication August 24, 2001. 1 To whom correspondence should be addressed: tsmith@uoguelph. ca. 84 ness and percent eggshell increased when hens were fed 3.5% calcium in combination with 0.1% putrescine; however, calcium intake and calcium retention were significantly lower (P < 0.05). Eggshell quality improved with increasing dietary levels of calcium due to increased calcium retention and calcium balance. Increasing levels of dietary putrescine did not have a negative effect on eggshell quality; however, calcium intake was lower at higher-supplemented levels of putrescine. It was observed that dietary calcium in excess of requirements resulted in increased egg production and eggshell quality. Eggshell quality improved when hens were fed 3.5% calcium diet in combination with 0.10% putrescine. It was concluded that small supplements of dietary putrescine may improve eggshell quality, depending on dietary calcium concentration.
significant differences in eggshell deformation in eggs laid by hens fed 3.5 or 4.5% calcium. Eggshell weight, however, increased significantly with increasing levels of dietary calcium.
Increased calcium demands during the laying cycle in hens are accommodated by an appropriate increase in intestinal calcium absorption (Bar et al., 1978) and a decrease in renal calcium excretion (DeLuca et al., 1990) . Iqbal and Koenig (1985) suggested that the mammalian polyamines serve as intracellular messengers that can facilitate an increase in cytoplasmic calcium concentration. Extracellular divalent cations such as Ca 2+ and Mg
2+
, however, are essential for putrescine and spermidine transport (Poulin et al., 1995; Brachet et al., 1995) . Putrescine has been shown to enhance duodenal calcium transport in chicks as well as to elongate duodenal villi (Shinki et al., 1991) .
Previous studies in our laboratory (Chowdhury and Smith, 2001 ) have shown that 0.05% supplemental dietary putrescine improved eggshell quality in thin shell-producing older hens, whereas higher levels proved toxic. It was hypothesized that dietary putrescine in combination with calcium might improve eggshell quality of hens by increasing calcium retention and transport. The current study was, therefore, carried out to investigate the dietary interaction between putrescine and calcium on eggshell quality and layer performance.
MATERIALS AND METHODS

Experimental Birds and Diets
A total of 192, 30-wk-old White Leghorn hens 2 were fed a corn-and soybean-meal-based mash diet (Tables 1  and 2 ). Diets were isonitrogenous and were supplemented with 0.0, 0.05, 0.10, or 0.15% putrescine (reagent grade free base) 3 , and calcium at 2.5, 3.0, 3.5, or 4.0% in factorial combinations for a total of 16 diets. Birds were housed in individual cages in an environmentally controlled room maintained at 21 C and provided with 15 h light daily. Each diet was fed to 12 birds (four birds per replicate) for a period of 4 wk. Nutrient concentrations in diets met or exceeded the minimal requirements according to the National Research Council (1994) with the exception of calcium. Putrescine was added to diets at the expense of corn. Feed and water were provided ad libitum. Diets were stored at 5 C before feeding to reduce the chance of putrescine decomposition during storage. Representative feed samples were taken at the beginning of the experiment for putrescine and calcium analysis.
Experimental Parameters Measured
Feed Consumption. Birds were randomly assigned to each diet. Weekly feed consumption was recorded during the 4-wk experimental period. Egg Parameters. Daily egg production was recorded throughout the experiment. All the eggs produced by the hens in all of the treatments during the period of the experiment were collected on a weekly basis, and egg weight, shell deformation, albumen height, yolk weight, shell weight, and shell thickness were determined. Shell deformation was expressed as a mean value of two measurements on the equator of the egg, using a shell deformation measuring instrument (Summers et al., 1976) . Eggs were subsequently broken to determine albumen height and yolk weight. Yolk weight was determined after rolling the yolk on surgical gauze to remove adhering albumen.
Shells with membranes were rinsed with warm water, dried at 60 C overnight, cooled, and weighed. Percentage shell was calculated by dividing dry shell weight by egg weight and multiplying by 100. Shell thickness was a mean of measurements at three locations on the egg (air cell, equator, and sharp end) using a shell thickness measuring gauge (AMES 25M-5).
4 Haugh units were calculated using the Haugh unit formula (Eisen et al., 1962) , based on the height of albumen as determined using a micrometer (AMES S-6428).
4 Eggs laid on the last day of the experiment were collected, homogenized, lyophilized, ground to fine powder using a Micro-Mill grinder (Model 08-335), 5 and stored at -80 C prior to analysis for polyamines.
Body Weight and Tissue Parameters. Body weights were measured at the beginning and end of the experiment. At the end of the experiment, following weighing, five birds per treatment were killed by instantaneous cervical dislocation, and duodenum, jejunum + ileum and pancreas tissues were excised, rinsed with physiological saline, blotted dry, and weighed.
Analysis of Polyamines and Metabolites. Samples of homogenized eggs and diets were analyzed for concentra- tions of polyamines and metabolites by high performance liquid chromatography with fluorescence detection (Salazar et al., 2000) . Excreta Collection. Total excreta was collected from each group of four birds over the last 3 d of the experiment. Excreta was dried at 65 C for 3 d and retained for calcium analysis.
Calcium Analysis. Samples of diet, excreta and eggshells were ground prior to ashing. Calcium was determined by atomic absorption spectrophotometry (Techtron, Model AA 4 ) 6 according to the methods of the Association of Official Analytical Chemists (1980) . Daily apparent calcium retention was defined as dietary calcium not appearing in the excreta. Calcium balance was also determined and was expressed as the difference between calcium retention and calcium deposited in the eggshell.
Statistical Analyses. Data were analyzed by Analysis of Variance using the General Linear Models procedure of SAS for a factorial design (4 × 4) (Kuehl, 1994; SAS Institute, 1988) . Orthogonal polynomial contrasts were used to determine the nature of the response to diets (Kuehl, 1994) . Calculated values of diets were used for analysis. Statements of statistical significance were based on P < 0.05.
RESULTS
Dietary Putrescine and Calcium Concentrations
Diet samples were analyzed for calcium and putrescine contents. As Table 2 indicates, calcium concentrations were not consistent with the targeted levels of dietary supplementation, but whether this result was due to sepa-6 Varian Canada Inc., Georgetown, ON, N1X 4B2, Canada. ration during mixing, sampling, or analytical error is unclear. Similarly, some of the analyzed putrescine levels were lower than the formulated values, perhaps reflecting some losses of putrescine that might be due to degradation of putrescine in the blending and storage processes.
Feed Consumption and Feed Conversion
There were no significant effects of dietary calcium or putrescine on feed consumption and feed conversion for the entire experiment (Table 3) . No interaction was observed between dietary putrescine and calcium for these parameters.
Egg Parameters
Eggs were collected before the feeding of experimental diets to determine if there was any random difference between hens in egg weight, albumen height, Haugh units, yolk weight, eggshell deformation, eggshell thickness, and eggshell weight. No significant differences were observed (data not shown).
Egg production increased linearly (P < 0.05) with increasing levels of dietary calcium (Table 3 ). There were no significant effects of dietary calcium and putrescine on egg mass, egg weight (Table 3) , yolk weight, albumen height, and Haugh units throughout the experiment (data not shown). There were no interactions between dietary calcium and putrescine in these parameters. All the weekly data collected throughout the trial were reported, therefore, as least-square means derived from the main effect. Egg spermidine concentrations were not affected either by dietary putrescine or calcium. Putrescine and spermine concentrations, however, were below detection limits (data not shown).
Eggshell Parameters
Eggshell weight increased linearly (P < 0.05) with increasing levels of dietary calcium (Table 3 ). There were Feed conversion = feed intake:egg mass (g:g). Egg mass = (egg production × egg weight)/100. no significant effects of dietary putrescine on eggshell weight throughout the experiment. There were no interactions between dietary calcium and putrescine in eggshell weight. Significant interactions between dietary putrescine and calcium were observed in eggshell thickness, eggshell deformation, and percent eggshell as accumulated over the 4-wk period (Tables 4, 5 , and 6). Eggshell thickness and percent eggshell increased linearly (P < 0.05) with increasing levels of dietary calcium at 0.00, 0.05, and 0.15% putrescine levels; however, quadratic effects were seen at 0.10% putrescine level. Eggshell deformation decreased linearly (P < 0.05) with increasing levels of dietary calcium when birds were fed 0.00, 0.05, and 0.15% putrescine. Birds responded quadratically, however, when 0.10% putrescine was fed. There were no significant effects of dietary putrescine on eggshell deformation, eggshell thickness, and percent eggshell.
Calcium Balance Study
There were significant interactions between dietary putrescine and calcium in calcium intake and total calcium Data are reported as least-square means as accumulated over 4 wk; n = 3.
2
Pooled SD = 11.
3 NS = not significant; P > 0.05. retention (P < 0.05) ( Tables 7 and 8 ). Calcium intake increased linearly (P < 0.05) with increasing levels of dietary calcium. Calcium intake, however, decreased linearly (P < 0.05) with increasing levels of dietary putrescine at the 3.0 and 4.0% calcium levels; calcium intake responded quadratically (P < 0.05) at the 2.5 and 3.5% calcium levels. Total calcium retention increased linearly (P < 0.05) with increasing levels of dietary calcium at 0.00, 0.10, and 0.15% putrescine levels, however, a quadratic effect was observed at the 0.05% putrescine level. Total calcium retention decreased linearly (P < 0.05) with increasing levels of dietary putrescine at the 3.0, 3.5, and 4.0% calcium levels. A quadratic effect was, however, observed at the 2.5% level. Calcium retention as a percentage of calcium intake decreased linearly (P < 0.05) with increasing levels of dietary calcium and putrescine (Table 9 ). Calcium balance increased linearly (P < 0.05) with increasing levels of dietary calcium. The response was quadratic (P < 0.05), however, with increasing levels of putescine. There was no interaction in calcium balance between putrescine and calcium. Calcium excretion increased linearly (P < 0.05) with increasing levels of dietary calcium. Calcium excre- tion, however, was not affected by putrescine supplementation. Fecal dry matter content was not affected by dietary calcium or putrescine. Significant interactions were observed between dietary putrescine and calcium in shell calcium percent and total shell calcium (data not shown). Eggshell calcium percent decreased linearly (P < 0.05) with increasing levels of dietary calcium when birds were fed 0.00% putrescine. Eggshell calcium as a percent of eggshell also decreased linearly (P < 0.05) with increasing levels of dietary putrescine when birds were fed 3.0% calcium. The response increased linearly, however, when birds were fed 3.5% calcium. Total shell calcium was not affected by dietary calcium but decreased linearly with increasing levels of dietary putrescine when birds were fed diets containing 3.0% calcium.
Body Weight and Tissue Parameters
Body weights were not affected, either by dietary putrescine or calcium. Duodenum, jejunum + ileum, and pancreas weights as a percentage of body weight decreased linearly (P < 0.05) with increasing levels of dietary calcium (Table 10) .
Duodenum and jejunum + ileum weights, as a percentage of body weight, were not affected by dietary putrescine. Pancreatic weights as a percentage of body weight, however, responded quadratically (P < 0.05) with increasing levels of dietary putrescine.
DISCUSSION
The observed dietary putrescine concentrations indicated some degradation of the free-base putrescine that was used as a supplement. The rate of degradation appeared to be consistent with previous studies in our laboratory (Chowdhury and Smith, 2001) .
Although care was taken in formulating and preparing the diets, analyzed calcium concentrations varied from calculated values. This result is in agreement with Gilbert et al. (1981) who reported that even with carefully controlled mixing, standard diets had concentrations of calcium up to 15% lower than those expected values. Simons (1979) reported that commercially prepared diets had similar variations.
Percent egg production increased with increasing dietary levels of calcium. Admosun and Kalango (1973) reported that increasing the calcium level from 2.2 to 3.5% resulted in increased egg production. Clunies et al. (1992) , however, did not observe any significant improvement in egg production when hens were fed diets containing 2.5, 3.5 or 4.5% calcium. The authors collected data for only 1 wk from 42-wk-old birds. The lack of response might be due to the short time period or age of the birds.
Interactions were observed between dietary putrescine and calcium in eggshell thickness, eggshell deformation, percent eggshell, calcium intake, total calcium retention, total eggshell calcium, and percent eggshell calcium. Interactions were due to quadratic effects of putrescine or calcium on these parameters. Eggshell thickness and percent eggshell increased when hens were fed 3.5% calcium in combination with 0.10% putrescine. Calcium intake and calcium retention, however, were comparatively lower.
Eggshell weight increased with increasing levels of dietary calcium. Eggshell thickness and percent eggshell increased linearly and eggshell deformation decreased linearly with increasing levels of dietary calcium with the exception of when hens were fed a diet containing 0.10% putrescine. Clunies et al. (1992) observed that there was no significant difference in eggshell deformation when hens were fed diets containing 3.5 or 4.5% calcium; however, eggshell weight increased significantly with increasing levels of calcium. It has been reported that dietary calcium levels between 2.7 and 3.5 % were required to maintain optimum eggshell quality (Peterson et al., 1960; Common, 1943; Hurwitz and Griminger, 1960) . Admosun and Kalango (1973) reported that increasing the calcium level from 2.2 to 3.5% resulted in increased eggshell quality. Taking into account differences in experimental de-sign, we conclude that these literature reports mainly agree with the current finding. The relative lack of effect of dietary putrescine on eggshell quality, with the exception of some interactions between 3.5% dietary calcium and 0.1% putrescine, was not in agreement with previous studies in older hens laying thin-shelled eggs (Chowdhury and Smith, 2001) . Younger hens may be less sensitive to dietary putrescine.
Experiments conducted previously in our laboratory showed that calcium intake decreased linearly with increasing levels of dietary putrescine due to numerical differences in feed intake and analyzed dietary levels of calcium. In the current study, calcium intake was significantly lower when hens were fed between 0.1% and 0.15% supplemental putrescine in any combination with dietary calcium, due to differences in analyzed dietary levels of calcium. Increasing levels of dietary putrescine did not have a negative affect on eggshell quality. Calcium intake was significantly lower, however, at higher-supplemented levels of putrescine.
The reduction in calcium retention as a percentage of calcium intake with increasing levels of calcium was due to increased calcium excretion (Table 9) . Total calcium retention, however, increased linearly due to increased calcium intake, with the exception of when hens were fed 0.05% putrescine. The result is was in agreement with Hurwitz and Bar (1967) and Clunies et al. (1992) . These authors reported that as dietary calcium level increased, the efficiency of calcium retention decreased, whereas total calcium retention increased. Kimberg et al. (1961) observed that the active transport of calcium in the intestines of rats was greater with a low-calcium diet. The mechanism, however, remains unknown.
Alternatively, one could conclude that more intestinal soaps were formed with increasing calcium levels, due to the presence of increasing dietary fat in the intestinal lumen. Literature reports show that feeding between 5 to 10% animal fat causes a progressive decrease in percentage retention of calcium (Whitehead et al., 1971; Papper et al., 1955) . Atteh et al. (1983) suggested that increas- ing levels of dietary calcium (0.09 to 1.2%) aggravated rather than alleviated the problem of intestinal soap formation in broiler chicks fed diets containing 5% fat. The reduction in efficiency of calcium retention with increasing levels of dietary calcium, therefore, might be confounded with increasing levels of dietary fat. The highest levels of fat in the current study were 3%. Calcium levels, however, were 4%. The reduction of calcium retention percentage with increasing levels of dietary putrescine was consistent with previous studies in our laboratory (Chowdhury and Smith, 2001 ). The reduction of total calcium retention, with the exception of when hens were fed 2.5% calcium, agrees with our previous studies (Chowdhury and Smith, 2001 ). Positive calcium balance may be beneficial for maintaining future eggshell quality. Gilbert et al. (1981) reported that during egg production, the main factor in maintaining eggshell quality appeared to be the maintenance of a positive calcium balance. There was a reduction in eggshell quality in birds fed 2.5% calcium. This level appears to be insufficient for laying hens, and more calcium must be fed to produce acceptable eggshell quality.
It has been reported that calcium regulates some important biological processes, including cellular information transfer, hormone biosynthesis and release, cellular replication and differentiation (Hurwitz, 1987) . It is not clear why intestinal tissue weights decrease when calcium regulates cell replication and differentiation. Supplemental putrescine at lower levels (0.05%) increased pancreatic weight. Romain et al. (1992) have reported that pancreatic maturation in the rat seems to be accelerated by ingestion of spermine.
It was observed that dietary calcium in excess of requirements resulted in increased egg production and eggshell quality. Increasing levels of dietary putrescine did not have a negative effect on eggshell quality; however, calcium intake was significantly lower at higher-supplemented levels of putrescine. Eggshell quality improved when hens were fed 3.5% calcium in combination with 0.10% putrescine. It can be concluded that small supple-ments of dietary putrescine may improve eggshell quality, depending on dietary calcium concentration.
